The historical incidence of Modified Mercalli intensity produced by earthquakes of magnitude Mw 2: 5.25 and depth:<:'. 100 km has been determined for 47 locations in New Zealand for the period 1840-1997 inclusive. Maps for the return periods of intensities MM4 -MM7 were prepared. The effects of the highly attenuating Taupo Volcanic Zone (TVZ) were shown to be important for hazard both in the zone and in areas to the north-west of it. The rate of occurrence of the higher intensities was found to be about 2.5 times greater in the first century of the study period than in the last 50 years. The historical seismic hazard rates for intensities MM5 and MM6 averaged across the country were found to be approximately half those of the now obsolete Smith & Berryman seismic hazard model, and 70% of those of the more recent Stirling et al model.
INTRODUCTION
The historical seismicity of a region provides an essential cornerstone to and a most tangible reality check on its seismic hazard models. In order to have the greatest time record of historical observations of earthquake shaking it is necessary to work in terms of intensity. This allows us to go back as early as about 1840 in most parts of New Zealand, currently giving a database of up to 158 years duration, compared to a maximum of about 35 years for strong-motion accelerograph records. However the completeness era for intensities of MM4 and above and for magnitudes greater than 5.25 is restricted to the period 1943 to the present.
In the past the historical incidence of intensity has been examined for some individual locations, such as for Auckland [5, 13] and Christchurch [11, 25] . A fairly comprehensive country-wide survey was published by Hayes [ 16] in 1936, in which the incidence of intensity was counted for 16 locations in the North Island and nine in the South Island.
However Hayes' data suffers badly in quality because the intensities were given in terms of the very poor Rossi-Fore! scale which was in use in New Zealand up to 1944.
In the present study the intensities used are mostly in terms of the Modified Mercalli scale as defined over the years for New Zealand [7, 14, 21] . In order to examine the historical shaking hazard across the whole country, the incidence of intensity has been estimated for 47 localities distributed from Whangarei to Invercargill, 23 and 24 in the North and South Islands respectively (Figure 1) .
It was decided that the preferred intensities to be examined in the study would be isoseismals (see below) rather than the actual observations. This was done because a prime use of the results of the study is to compare its results with those obtained from estimates of probabilistic hazard for any part of the country, and the New Zealand attenuation functions for 1 3 Member intensity are in terms of the spatial distribution of isoseismals [10] .
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THE DATA
The earthquakes considered in this study comprised events of engineering hazard interest, i.e. restricted to those of magnitude 5.25 or more that could have been felt at any of the 47 chosen locations at an intensity of MM4 or greater in the time period 1840-1997 inclusive. Because of incompleteness of the data, the results are based only on intensities of MM4 or greater produced (or estimated to have been produced) by earthquakes of magnitude 6.5 and greater from 1840 to 1942, and magnitudes 5.25 and greater since 1943. Such data were available for earthquakes with focal depths ranging down to 400 km, but the results given here consider data restricted to depths down to 100 km. The minimum magnitude and maximum depth were adopted to be the same as those currently considered in modelling seismic hazard in New Zealand [26] . Depths throughout are assumed to be the centroid depth, he, as used in attenuation modelling [10] .
The events used in the study were a subset of those used in the new seismic hazard model for New Zealand [26] , which in tum were a subset of those in the New Zealand earthquake catalogue [22, e.g.17] . The New Zealand earthquake catalogue contains magnitudes, locations and times for all New Zealand earthquakes since 1840 that have been either recorded or sufficiently well documented macroseismically. For events prior to about 1940 the data are derived partly from felt reports and hence tend to be mostly for the larger events and often not well constrained. During 1943 a network of seismographs was established throughout New Zealand with the result that the quality of the seismic data improved greatly over that of the earlier years and smaller earthquakes were able to be included. Major upgrades to the network took place in 1964 and 1990. Currently the New Zealand catalogue contains more than 100,000 entries for earthquakes of magnitude 2.5 and greater. It is believed to have captured all earthquakes with magnitudes 2: 6.5 since 1840, 2: 5 since 1943, and 2: 4 since 1964. There are about 20,400 events oflocal magnitude (ML) 4 and greater.
The catalogue used in the new seismic hazard model was derived from the New Zealand catalogue by "declustering", which is a process in which a mainshock plus its foreshocks and aftershocks (if any) were replaced by a single equivalent event that had the same overall energy release [18, 19] . Declustering had the effect of reducing the number of earthquakes in the catalogue to about two thirds the original number. The declustered catalogue contained 12,149 events with local magnitudes 2: 4.0, and of those 442 had moment magnitudes 2: 5.25. Further information on the numbers is given in Table l . The locations and magnitudes of the events considered in this study are plotted on maps as follows: Intensity data were derived from three sources, which were: i. an isoseismal map, I(map), ii. a local observation of intensity, I(obs), and iii. an intensity calculated using event magnitude and location with an attenuation model for intensity, l(calc). The preferred sources of the intensity data were isoseismal maps (item (i) above), of which 162 were available plotted in Modified Mercalli intensity terms. The isoseismal maps used came from various sources, i.e. the atlas of isoseismal maps produced by Downes [2] , maps produced by Dowrick for his attenuation study [10] , various maps by Dowrick, Downes and others [3, 4, 6, 8, 25 ] and a few prepared specially for the purposes of this study. An example of an isoseismal map is that for one of the largest events in the data set, the Mw 7.7 Murchison (Buller) earthquake of 1929 [6] , as shown in Figure 4 . The intensity assigned to each location is that of the intensity zone within which the given locality falls. An intensity zone is defined such that the intensity 5 zone, for example, is the area between the MM5 and MM6 isoseismals. In the case of the event shown in Figure 4 most, i.e. 39, of the 47 localities in the study experienced intensity MM4 or greater.
Mw
For many of the events where no isoseismal map was available, local observations of intensity were found in the computer database compiled for events from 1943 onwards by the New Zealand Seismological Observatory. This information is held in a computer file that can be interrogated electronically. In addition, for a few of the pre-1943 events, some general indications of intensity noted by Eiby [15] were the only readily available data. For some of the earthquakes further intensity data were sought from newspaper reports as part of this study. MMO for "not felt", MM l for "v. slight", MM2 for "light", "small", "slight", "tremor", "gentle", "mild","?", MM3 for "felt", "short", "steady", "long", "medium", "prolonged", "shake", "roll", "sway", MM4 for "jolt", "loud", "moderate", "sharp", "big", "heavy", "strong", and The third avenue available for assigning an intensity at any given location was to estimate it from the magnitude Mw and depth of the event, and the distance from the event to the site, using the attenuation expression for MM intensity from Dowrick & Rhoades [10] as discussed in Section 3. The agreement between the intensity values derived from the three sources is illustrated in Figure 5, 3.
THE CALCULATIONS

1 Derivation of l(calc)
To estimate the intensity I( calc) at a given location using attenuation models, the following simplified approach was adopted. Regardless of the locations of the event and the site being considered, all events were initially treated as being the same from an attenuation point of view, i.e. the "Main Seismic Region" model of Dowrick & Rhoades [10] was used. Mean intensities were calculated as real numbers that were then truncated to give integer zone intensities. For those events where at least 20 km of the travel path was through the highly attenuating Taupo Volcanic Zone [l, 10, 24] (i.e. the "whole TVZ" of Figure 1 ), I(calc) was reduced by 1 to 2 units of intensity (before being truncated). This procedure was called volcanic "screening", and was implemented by a mapping technique. An example of one of four screening maps used is shown in Figure 6 . It illustrates the screening of events located within and north-west of the TVZ from observation sites located to the south-east. Direct paths from events to sites were assumed, and effective screening was assumed to require a minimum of 20 km of path length within the TVZ. (The minimum TVZ path length of 20 km is the reason for the offset of the SW-NE boundary line ( Figure  6 ) from the eastern boundary of the TVZ.) For reasons of practicality the screened events were grouped into 4 sectors, and the events in each sector were "tagged" so as to indicate which sites they were screened from.
The amount by which MMI should be reduced for a TVZ path was determined by comparing all available pairs of l(calc) and l(map) or l(obs) values for each location for the "tagged" events. For deep events located beneath and north-west of the TVZ, we assumed that the travel paths were up the descending tectonic slab to a region east of the TVZ and then horizontally through the TVZ to sites located north-west of the TVZ. A TVZ reduction factor of 1.0 MM unit was then applied to the following locations, Whangarei, Auckland, Thames, Hamilton, Tauranga, Te Kuiti, Taumamnui, New Plymouth and Hawera.
A further simplification in the attenuation modelling was to assume that the isoseismals were circular, which in some cases, results in the intensity being over or under-estimated by one unit of intensity. This is more likely to occur in the near field of larger shallow earthquakes where ellipticity is strongest, but as nearly all such events had isoseismal maps or local observations of intensity (the preferred sources of intensity data), this approximation had only a small impact on the results.
The final simplification in the attenuation modelling concerned the deep events (he > 70 km) in the dipping slab under the North Island. We investigated the possibility of applying a "deep event" reduction factor for those deep events where the path from source to observation site was not direct but instead was up the descending slab and then horizontally through the crust. This was found to be counterproductive and was not retained in the model at this stage. 
Occurrence of intensity
As discussed above, intensities at each location were found for all events in the catalogue by one or more of three methods. When more than one estimate was available the one selected was the value found by the most preferred method, with the (decreasing) order of preference being mapped (!(map)), local observation (l(obs)), or estimate from attenuation model (I( calc) ). The selected intensity values were then counted by intensity level c:: MM4 for each location.
As an example of the calculations, consider the case of Rotorua, the data and results for which are presented in The results for each location are summarised in Table 5 as ratios of the "pre-1943"/"post-1943" rates. As expected the rates of occurrence of MM4 and MM5 are much higher "post-1943" than "pre-1943". There is, however, an approximate equality for MM6, while for MM7 to MMlO the rates are higher for the "pre-1943" period. with ratio < 1
Return periods
Return periods for various levels of shaking were derived from counts of the composite of recorded and estimated occurrences over the assumed periods of completeness, i.e. (i) the numbers of occurrences from earthquakes of Mw 6.5 and above of each intensity MM4 to MMIO are determined from the whole period 1840-1997, and (ii) the numbers of occurrences from earthquakes of Mw 5.25-6.49 of each intensity are determined from the period 1943-1997. An annual rate of occurrence for the two magnitude ranges was then obtained from the count divided by the observation period for each, and the total rate of occurrence by summing the rates as appropriate. The results expressed as return periods are given in Table 6 and plotted in Figure 7 .
DISCUSSION
The main numerical results of this study are summarised in Tables 3 and 6. Table 3 gives the number of instances of each intensity estimated to have occurred at each location, due to events of Mw ~ 5.25 and he:':: 100 km, in the period 1840 to 1997 inclusive. Table 6 gives the average return periods for given intensity exceedance levels for each location. Note that the numbers in Table 3 are a direct count of recorded and estimated occurrences from known earthquakes and so are missing many instances of shaking from events of Mw 5.25 to 6.49 over the period 1840 to 1942. The return periods of Table 6 on the other hand are derived from the combination of rates from sub-catalogues that are believed to be complete within various magnitude ranges. Tables 3 and 6 show Whangarei to have the lowest "historical" seismic hazard, its sole seismic experience being one estimated (i.e. l(calc)) occurrence of MM4 in 158 years. Auckland has the second to lowest, followed by Balclutha at the other (i.e. southern) end of the country, and then Thames and Dunedin. The next lowest placing is competed for by Rotorua, Oamaru and Gore.
Note that the need to derive the return periods using only complete portions of the felt data catalogues has resulted in The hazard of Rotorua is anomalously low (Figure 7 ). Despite being located in the seismically active TVZ, Rotorua has a lower level of seismic hazard than localities to the east. Rotorua also makes an interesting contrast to Taupo which, despite being only 60 km away and in an analogous geologic environment, has a historically much higher hazard. The rate of incidence of MM5 at Taupo is about seven times higher than at Rotorua (Table 6 ). In addition, Rotorua, unlike Taupo, has a lower incidence of all intensities than the three nearest locations on the western side of the TVZ, i.e. Tauranga, Te Kuiti and Taumarunui. These differences between Rotorua and Taupo are explained partly by the fact that Taupo is only about 8 km from the nearest (i.e. southeastern) boundary of the TVZ compared with 29 km for Rotorua. A second factor is that the local seismicity is higher at Taupo than at Rotorua, a difference that is reflected in the hazard maps of the most recent probabilistic seismic hazard (PSH) model for New Zealand [26] .
Note that in determining the above rates for Rotorua and Taupo only magnitudes of 5.25 and higher have been considered. There are numerous instances of MM5 at Rotorua and Taupo from lower magnitude earthquakes, particularly from earthquake swarms.
The data do not allow us to single out any particular location as having the highest hazard in New Zealand. Based on historical occurrences of intensities MM8 to MMIO the highest hazard location would be Masterton, closely followed by Wanganui, Napier, Wellington, and Blenheim. Based on historical occurrences of intensities MM5 to MM8 the highest hazard location would be Porangahau, closely followed by Masterton, Otira, and, Napier. 
Return Periods for Intensities Occurring only Once
As listed in Table 3 , at about half of the locations the highest intensity has occurred only once in the 158-year study period. This leads to a nominal estimated return period of 158 years (Table 6 ). In view of the inherent unreliability of this return period, and the usefulness of better values, we have replaced each "158-year" return period with a value estimated by extrapolation from the other, shorter return period, results from the site concerned.
The extrapolation procedure was as follows. Log10(return period), excluding the "158-year" values, was plotted as a function of MMI for each location and was found to be more or less linear (Figure 8 ). We therefore extrapolated leastsquares fitted lines for the appropriate locations to obtain estimates of more likely return periods for those cases where the nominal return period was 158 years. The procedure was also followed for three cases where the highest intensity occurred once in the 55-year period from 1943 to 1997. Both the original and extrapolated values are given in Table 6 , with the (rounded) extrapolated values in brackets.
The extrapolated values of return period are longer than 158 years in half of the 24 cases. The longest extrapolated return period is 670 years, for MM 10 in Napier. The sole historical 100 15 occurrence of MMIO in Napier was in 1931, caused by a rupture of the Hawke's Bay fault which has an estimated average recurrence interval of 2500 years [26] . As the nearest other faults in the Napier hinterland, and the subduction interface, are likely to cause only MM8 or MM9 in Napier the extrapolated return period of 670 years is apparently pessimistic, but much more realistic than a value of 158 years.
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Geographical Distributions of Intensity Hazard
In Figure 7 , the return period data of Table 6 are mapped along with smoothed contour lines of constant return period. It is seen that the contour lines have similar shapes for all four intensities plotted, for example, the 1.25 year return period contour for I 2: MM4 (Figure 7(a) ) is in almost the same place as the 80 year contour for I 2: MM7 on Figure  7 (d). It is of interest that the return periods of the contours in similar locations increase four-fold with each unit of intensity increase from Figure 7 (a) to 7(d).
A striking feature of the maps is how clearly they demonstrate the effect of the anomalously high attenuation rate of the TVZ, with the bunching of the contours along its eastern margin, to the east of Rotorua, on Figures 7(b) and 7(c). This is important for risk assessment and for code seismic hazard zoning purposes and so we examine the geographical distribution of intensity hazard within the TVZ in more detail by considering three more locations in the TVZ in addition to Rotorua and Taupo, namely Matata, Atiamuri and Tokaanu. Taken together with Ohakune these locations cover the full 200 km length of the TVZ (Figure 9 ). For simplicity the measure of hazard used here is limited to the mapped isoseismal intensities, i.e. the value preferred in the rest of our study. For the full historical period we found that Atiamuri and Matata have a similar incidence of intensities to their neighbour, Rotorua, the numbers of I c". 
Contribution of Deeper Earthquakes
The contribution to the hazard from deeper earthquakes, i.e. with depths 70-100 km (Figure 3 ), is given in Table 4 . It is seen that their contribution to the total is small, with 154 MM4's, 73 MM5's and 12 MM6's. Altogether their 239 occurrences of intensity are 9% of the total of 2553 for the whole depth range 0-100 km considered in this study (Table  3) . We note that earthquakes at depths greater than 70 km are capable of causing higher intensities than those in the historical record considered here. For example, the 1914 Bay of Plenty earthquake of Mw 7.3 and he 300 km caused intensity MM7 over a large part of the eastern North Island [ 10) . In the depth range 70-100 km the largest event in our data set is magnitude 6.6. However, overall it appears that there is little need to extend the national seismic hazard model to include seismicity from below a depth of 100 km.
Incidence of Intensities in the North and South Islands
Again considering the occurrences of intensities given in Table 3 , it is found that the 23 locations in the North Island experienced 56% of the 2553 intensities I ?: MM4, and 65% of the 31 intensities I ?: MM8. The intensities ?: MM8 were caused by eight North Island earthquakes (1843, 1855, 1914(2), 1931, 1932, 1934, 1942 ) and seven South Island earthquakes (1848, 1901, 1922, 1929(2), 1968, 1994) .
Rates of Occurrence of Each Intensity
In Table 7 we summarise the annual rates of occurrence of each intensity level. In Table 7 (a) the numbers are from direct counts of recorded or estimated occurrences over the two periods of interest, "pre-1943" (1840-1942, duration 103 years) and "post-1942" (1943-1997, duration 55 years). No allowance has been made for the completeness of the observations. In Table 7 (b) the numbers are derived from a mix of direct count for those parts of the intensity "catalogue" that are believed to be complete, and by estimation for the incomplete part. The incomplete part of the catalogue is that for small events (i.e. Mw <6.5) over the period 1840 to 1942. For this part of the catalogue the occurrence numbers were estimated by assuming that the occurrence rates were the same as for those post-1942. -After combining the counted and estimated parts, the rates of occurrence are virtually the same for MM4, as intended. In contrast the rate of occurrence of higher intensities (I 2: MM7) is 2.5 times greater in the 103 years before 1943 than in the 55 years from 1943 to 1997. This is a consequence of the decreased incidence of large magnitude earthquakes (Mw 2: 7) in the second half of the 20 th century in New Zealand (Table 8) , and also the mostly highly "favourable" epicentral locations with respect to largely avoiding the 47 locations studied here (Figure 2 ). Of the four such earthquakes post-1943 only one, lnangahua 1968, has given strong shaking in populated areas. The remaining three (5 th February 1995, I st September 1945 and 12tl 1 October 1979) have been well offshore or sparsely populated parts of New Zealand.
Collective Rate of Occurrence of Intensities
Considering the return periods of intensities given in Table 6 , it is interesting to note how slowly such data accumulate. It is seen that the average occurrence of I 2: MM4 is about one per year for locations in the most seismically active parts of New Zealand while the occurrence of I 2: MM5 is about one per four years. Over all of the 47 locations studied the rate of accumulation of I :C:: MM4 is about 29 per year and I :C:: 5 about 9 per year (based on Table 7 (b)). Note that rates of occurrence of the lowest intensities would be significantly higher if earthquakes of Mw < 5.25 were to also be considered. s.
COMPARISONS WITH OTHER MODELS
from their lower magnitude cut-off. As well, Smith and Berryman used estimated seismicity rates near the maxima estimated from their three sub-catalogues for magnitudes 4.0, 5.0 and 6.5 completeness. Next, the PSH model of Stirling et al. is compared with the estimated historical record. Because the presently published version of the PSH model [26] does not incorporate attenuation of intensity the comparison has been based on an approach that uses a synthetic catalogue of earthquakes derived from the seismicity model of the PSH model by our GNS colleague W.D.Smith. The seismicity model comprises a catalogue of 305 active faults and a model of distributed seismicity, both of which cover the entire country. For each fault there is an estimate of its mean recurrence interval of mpture and the magnitude of earthquake likely to occur on it, together with information on the likely mpture mechanism. The distributed seismicity model defines, at each of more than 40,000 points distributed over a three-dimensional, New Zealand-wide grid, the rate of occurrence of earthquakes of various magnitudes, and the maximum magnitude that can occur there.
The seismicity model was used to generate a 100,000-year long synthetic catalogue of earthquakes for New Zealand, as follows (W.D.Smith, personal communication). For each of the active faults, a random number was generated for each year of the synthetic catalogue, and together with the mean recurrence interval was used to determine whether or not the fault would mpture in that year. For example, if the return period for a given fault was 1000 years, then there would be about 100 events on that fault in a 100,000-year catalogue. If a fault was found to mpture, a second random number was used to determine the precise magnitude of the earthquake in accordance with the characteristic magnitude value for the fault and the uncertainty in the characteristic value. The distributed seismicity was treated in a similar way: a random number determined whether or not there would be an event at that grid point in a particular year, based on the mean rate there. If indeed one did occur at that grid point in a given year, a second random number was then used to determine its magnitude.
The 100,000-year catalogue contained approximately 640,000 earthquakes with Mw 2:: 5.25 and depth ::=: 100 km.
For each earthquake we estimated the intensities at all of our study locations using the intensity attenuation model of Dowrick & Rhoades [10] in the same way as was done for deriving l(calc) values above. Also incorporated were the adhoc adjustments described above to account for (i) the high attenuation in the TVZ and (ii) indirect paths for events in the dipping tectonic slab 70 km or more beneath the western North Island.
Exceedances of various levels of MMI were then counted in 55-year blocks, about 1800 for the full 100,000-year span of the catalogue. For each location the mean counts, the standard deviations, and the maximum and minimum counts were computed. The results are compared with the "historical" occurrences of intensity MM5 and MM6 over a 55-year period (Figures 11 and 12) . The "historical" occurrences were calculated using the return periods of Neither assumption is strictly true. We also cannot determine whether the differences are due to the seismicity model, the generation of the synthetic catalogue, to the attenuation model, or to lack of completeness in the historical record.
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,._ ,._ The ratio of the mean number of occurrences of MMI 2' . 5 from the PSH method to the historical result ranges from 0.8 to 5. Importantly, however, throughout the high-hazard part of the country the PSH model value is usually within 50% of the historical value. The large ratios tend to occur either at locations affected by the TVZ or in low-hazard parts of the country, i.e. the north western part of the North Island and the south-eastern part of the South Island ( Figure 13 ). In both cases the numbers of occurrences are usually low, sometimes zero.
In some circumstances the performance of the model as a whole (across the country) is of more interest than for the individual locations. If it is assumed that our 47 locations are a good representation of all of New Zealand then summing across all the data of Figures 11 and 12 indicates that the PSH model hazard is greater than the historical record by factors of 1.4 for both MM5 and MM6. The total numbers of occurrences of I 2: MM5 over the 55-year observation period are 672 and 472 respectively for the PSH model and the historical data, and for I 2: MM6 are 173 and 126.
The results were quite sensitive to some aspects of the attenuation model used in conjunction with the synthetic catalogue. For events with unknown mechanism we applied the "main seismic region" model of Dowrick & Rhoades [10) . This separates events into two classes, "crustal" and "slab", with the boundary between the two being the upper surface of the subducting slab [ eg 20]. We found it important to take account of the slab because treating all events shallower than 70 km as "crustal" resulted in very high occurrence rates for MMI 2: 5 and 2: 6 at eastern North Island sites. Similarly it was important to make allowance for the high attenuation in the TVZ and the indirect path for deep events in the western North Island. Factors that appeared to be of lesser importance were elliptical isoseismals compared with circular, and use of the "focal mechanisms" model for earthquakes with defined focal mechanisms. We have made no allowance for variability in the attenuation model. We expect that making such an allowance would increase the differences between the historical and PSH model estimates of hazard because adding variability to an attenuation model generally increases the rates of occurrence of the higher intensities proportionately more than it does those of the lower intensities. Because 74% of the historical data are derived from observed intensities and are therefore totally independent of the attenuation model, the increase in occurrences of, for example MM5, would be greater for the PSH model case than for the historical case and the differences in Figure 11 would be exacerbated.
One point that always has to be borne in mind is that our 55-and 158-year observation periods are short compared with the 500-year-plus average recurrence intervals for surface rupture of many of the known active faults in New Zealand. ratio • <= 1.5
• = 1.6 0 >= 1.7
For example, two very important faults that have not ruptured in the historical period are the Alpine fault and the Wellington fault. Having said that, the highest hazard zones delineated in Figure 7 do tend to encompass most of the highly active faults identified in the PSH model [26] and are valid for the return periods relevant to this study, i.e. less than about 100 years.
Figure 13:
Comparison of historical occu"ences of intensity I 2: MM5 with occu"ences predicted using a synthetic earthquake catalogue derived from the probabilistic seismic hazard model of Stirling et al. [26] . The ratio PSHM/historical is generally ~ 1.6 over the highly seismic parts of New Zealand.
CONCLUSIONS
From the above study the following conclusions have been drawn:
1. The seismic hazard has been determined for 47 locations in New Zealand based on the historical incidence of Modified Mercalli intensity from 1840-1997 and for earthquakes ofMwc::: 5.25 and depth :S 100 km.
2. The place with the lowest estimated historical seismic hazard was Whangarei, followed by Auckland, Balclutha, Thames and Dunedin. The data do not allow us to single out any particular location as having the highest hazard in New Zealand. Based on historical occurrences of intensities MM8 to MMIO the highest hazard location would be Masterton, closely followed by Wanganui, Napier, Wellington, and Blenheim. Based on historical occurrences of intensities MM5 to MM8
the highest hazard location would be Porangahau, closely followed by Masterton, Otira, and, Napier.
3. The estimated historical seismic hazard for vicinity of Rotorua, Atiamuri and Matata is anomalously low compared to surrounding locations because it is surrounded by the highly attenuating rocks of the Taupo Volcanic Zone (TVZ). The proposed loadings code for New Zealand makes partial allowance for this effect. The high attenuation within the TVZ is also evidenced by the bunching of the hazard contours (Fig. 7) within it.
4. Earthquakes with depths in the range 70-100 km have only a small influence, restricted to lower intensities, on the total hazard. It follows that there is little need to include events deeper than 100 km in the national seismic hazard model.
5.
On average, nine instances of I 2:: MM5 are recorded per year across the 4 7 locations studied.
6. Contours of return period were plotted for intensities 4 to 7. For many locations the return periods were found to increase 4-fold for each unit of intensity increase.
7. While the incidence of intensity 2:: MM4 is roughly equal in the North and South Islands, the North Island locations experienced 65% of the 31 records of I 2:: MM8.
8. The rate of occurrence of intensities I 2:: MM7 was approximately 2.5 times as high in the 103 years from I 840-1942 than in the 55 years from 1943-1997. This arises from a combination of two factors, i.e. the lower incidence of large magnitude earthquakes in the recent period and the highly favourable locations of the epicentres either offshore or in remote places.
9. The seismic hazard rate modelled by Smith and Berryman [23] was found to be higher than the historical record by a factor of about 2 for I 2: MM6, averaged across the country.
10. The seismic hazard estimated using a 100,000-year long synthetic catalogue of earthquakes derived from the current probabilistic seismic hazard model for New Zealand [26] was found to be higher than the historical record by a factor of about 1.4 for I 2: MM5 and 2: MM6 over the whole country. The difference was statistically significant despite the very great variability in the numbers of occurrences of I 2: MM5 and 2: MM6 in observation periods of only 55-years duration. In general the hazard derived from the Stirling et al model [26] agrees with the historical record more closely then does the predecessor model of Smith & Berryman.
11. Considering historical data from all of the locations, the logarithm of the return period is, on average, a linear function of the MM intensity.
12. Agreement between the historical and modelled occurrences of intensities depends very much on the detail of the attenuation model. In particular, proper allowance has to be made for events in the subducting slab and paths through the highly attenuating volcanic zone in the centre of the North Island. Both are dealt with in an ad hoc manner in the present paper.
We reiterate, that our 55-and 158-year observation periods are short compared with the 500-year-plus average recurrence intervals for surface rupture of many of the known active faults in New Zealand. The same comment applies equally to seismicity models that rely substantially on historical seismicity catalogues for New Zealand. This factor must always be borne in mind by those basing financial and design decisions on the use of such models and historical data.
